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ABSTRACT: We show evidence for the influence of the Pacific Decadal Oscillation (PDO) on Myanmar’s monsoonal
hydroclimate using both instrumental and 20th century reanalysis data, and a tree-ring width chronology from Myanmar’s
central Dry Zone. The ‘regime shifts’ identified in the instrumental PDO for the past century are clearly evident in theMyanmar
teak. The teak record and PDO index correlate most significantly and positively during December–May, at r= 0.41 (0.002, n=
109). We generated composite climate anomalies for southern Asia and adjacent ocean areas during negative and positive PDO
phases and above/below average teak growth for the May–September wet monsoon season. They show that negative (positive)
PDO phases correspond to dry (wet) conditions, due to reduced (enhanced) moisture flux into central Myanmar. Multitaper
Method (MTM) and Singular Spectrum Analysis (SSA) spectral analyses reveal considerable multidecadal variability over
the past several centuries of the teak chronology, consistent with the PDO.
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1. Introduction
Myanmar • is at considerable risk from environmentalAQ1
extremes and climatic change (droughts and floods), due
to its agricultural economy, low coping ability, and histor-
ical isolation (Wheeler, 2011). Myanmar’s hydroclimate
is spatially complex, with varied topography and multi-
ple environmental influences (Sen Roy and Kaur, 2000;
Sen Roy and Sen Roy, 2011; Wang and Gillies, 2012).
It lies directly under the eastern arm of the Indian sum-
mer monsoon, abutting the Bay of Bengal (BOB), yet also
experiences the effects of the East Asian Western North
Pacific (EAWNP) monsoon, and winter southeast Asian
monsoon (R. Robinson, University of St. Andrews, per-
sonal communication, 2013). Myanmar represents a cru-
cial link in our understanding of these overlapping mon-
soon systems (Xu et al., 2012). Myanmar monsoon rain-
fall is also modulated by the El Niño-Southern Oscillation
(ENSO) and Indian Ocean Dipole mode (IOD), the lat-
ter a quasi-periodic fluctuation in SST phase-locked to the
September–November season (Kumar et al., 1999; Saji
et al., 1999; Ashok et al., 2010). Although the sign of
these relationships varies with space and topography (Sen
Roy and Sen Roy, 2011, R. Robinson, personal communi-
cation, 2013), these phenomena are linked to significant
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anomalies in rainfall, temperature and atmospheric cir-
culation across Myanmar and south Asia (Ummenhofer
et al., 2013a).
Sen Roy and Kaur (2000) were among the first to inves-
tigate the instrumental climatology of Myanmar, identify-
ing five homogenous regions using a 30-year station data
set (1947–1979). Sen Roy and Sen Roy (2011) explored
the potential link between the Pacific Decadal Oscillation
(PDO, the dominant mode of Pacific sea surface tempera-
tures (SST) poleward of 20∘Non decadal timescales (Man-
tua et al., 1997), ENSO, and Myanmar’s summer mon-
soon precipitation using the CRU 52-year gridded dataset
(1951–2002). Some contend that the primary driver of
Pacific Decadal Variability (PDV) lies in the North Pacific
(Barnett et al., 1999); others that the PDO may be a
reddened response to ENSO, originating in the tropics
(Shakun and Shaman, 2009). Sen Roy and Sen Roy (2011)
found that the PDO modulates precipitation during ENSO
events across Myanmar, with drought during El Niños
being more intense during the warm PDO phase, and the
reverse for La Niñas, perhaps tied to the sensitivity of
the Aleutian Low. Similar relationships between monsoon
rainfall and the PDO were described for India (Krishnan
and Sugi, 2003; Sen Roy, 2006). Using 306 rain gauge sta-
tion records (1871–2002), Krishnan and Sugi (2003) con-
cluded that the PDO could amplify Indian climate related
to ENSO and might be useful in long-term forecasting
across south Asia. Buckley et al. (2010a) observed a strong
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the Interdecadal Pacific Oscillation (IPO), closely related
to the PDO (Folland et al., 2002, •Meehl and Hu, 2006).AQ2
Detailed understanding of the climate of this region is
constrained by the shortness of the instrumental records,
which are typically not of sufficient length to fully assess
PDO-like (decadal to multidecadal) variability.
We further investigate the variability of monsoon pre-
cipitation in Myanmar using both instrumental/reanalysis
climatic records and tree-ring data, with an emphasis on
decadal to multidecadal time scales. Paleoclimatic stud-
ies are few for Myanmar and vicinity, but are essential for
deducing longer-term variations exceeding those that can
be resolved from the instrumental record, that covers only
the past few decades to century.
D’Arrigo et al. (2011) described one of the first tree-ring
chronologies for Myanmar, developed from the wood of
living teak (Tectona grandis) trees in the Maingtha
Reserve, in the so-called ‘Dry Zone’ in the center of the
country (23∘20N, 96∘20E; 1613–2009). This chronology
is used in the analyses below. It is based on ring-width
measurements from 38 individual core samples of wood
from 20 living trees. These data were standardized using
the ARSTAN method (Cook and Kairiukstis, 1990,
arstan chronology), using the Friedman super smoother,
a data-adaptive smoothing technique (Friedman, 1984).
Additional details are indicated in D’Arrigo et al. (2011).
The mean and median segment length are 278 years. The
Maingtha chronology was used to show that the late 18th
century megadrought, identified in Thailand and else-
where in Asia (Buckley et al., 2007, 2010b; Cook et al.,
2010), also impacted Myanmar. The lowest ring-width
index value in this teak record coincides with drought
during the so-called ‘El Niño of the Century’ of the late
1990s. The greater context of the climate of monsoon Asia
over the past millennium (based on the Palmer Drought
Severity Index) is described in a tree-ring data network
known as the Monsoon Asia Drought Atlas or MADA,
although its original version did not include coverage over
Myanmar and vicinity (Cook et al., 2010; Ummenhofer
et al., 2013a).
2. Data, analysis and results
As noted, modulating effects from the PDO have been
demonstrated on monsoon climate across Myanmar (Sen
Roy and SenRoy, 2011). SenRoy and SenRoy (2011) con-
cluded that the ‘role of the PDO on prevailing precipitation
was mostly positive during both its cold and warm phases’,
focusing mainly on the PDO’s modulation of ENSO’s
impact on rainfall. To further examine relationships
between Myanmar hydroclimate and larger-scale dynam-
ics, we analysed the instrumental record and 20th century
reanalysis data, along with theMyanmar teak, to assess the
large-scale climate patterns (precipitation, winds, mois-
ture fluxes, monsoon indices) over Myanmar and adjacent
southeast Asia during cold and warm phases of the PDO.
Annual time-series and 5-year running averages of














Figure 1. Annual time-series (black) and 5-year running average (green)
of (a) Maingtha teak ring-width chronology and (b) PDO for the period
1901 to 2007, indicating that the teak record shows major regime
shifts observed in the instrumental PDO index during the 20th century.
Extended positive (red) and negative (blue) phases in the teak record and
the PDO, based on the 5-year running averages, are indicated. This figure
is available in colour online at wileyonlinelibrary.com/journal/joc
index (Mantua et al., 1997) are plotted for 1901 to
2007 (Figure 1). The so-called abrupt climatic ‘regime
shifts’ in the instrumental PDO for the past century
(Mantua et al., 1997) are clearly evident in the Myan-
mar teak series, suggestive of the PDO’s impact on
Myanmar’s monsoon hydroclimate. Overall, the teak
record and the PDO correlate most significantly and
positively with each other during the boreal cold season
(December–May), at r= 0.41 (0.002, n = 109, based on
the annual tree-ring/PDO time series).
Interestingly, mean Dec–Jan–Feb temperatures for
Anchorage, Alaska (within the Gulf of Alaska region of
peak PDO influences – Global Historical Climate Net-
work (Peterson and Vose, 1997)) correlate with the PDO
index at 0.66 (0.000, n= 93) and with theMyanmar teak at
0.30 (0.004, n = 91). Since 1940, Anchorage temperature
correlations (for December–March) are even stronger,
0.81 (0.000, n= 71) with the PDO and 0.41 (0.001, n= 69)
with the Myanmar teak. These relationships further indi-
cate a significant link between the PDO and climate over
south Asia. The closely related Oct – Dec IPO correlates
with the Burma teak at r= 0.43 for 1950–2007; the signal
with Vietnamese tree-ring data is even stronger (Nov–Feb
IPO 1950–2007, r= 0.66, Buckley et al., 2010a).
We next generated composite climate anomalies over
southern Asia and adjacent ocean areas during negative
and positive PDO phases and below/above average teak
growth (cf. periods highlighted in blue/red in Figure 1) for
the May–September months of the wet monsoon season
(1901–2007; Figure 2). Data include monthly gridded
fields from the Global Precipitation Climatology Centre
(GPCC) precipitation, version 4 (Fuchs and Rudolf, 2007),
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Figure 2. Composite of climate anomalies during sustained negative and positive phases of the teak and PDO time-series (cf. periods highlighted in
Figure 1) for (a–d) precipitation anomalies, (e–h) moisture fluxes at the 850 hPa level, and (i–l) SST. (m) Anomalies in the monsoon indices shown
as dots during sustained positive and negative phases in the teak record: coloured boxes are delimited by upper and lower quartiles, with the middle
bar denoting the median in the respective index. Error bars indicate the value needed to be exceeded for the median to differ significantly from 0 (at
the 95% confidence level, as estimated by Monte Carlo testing) for the different indices/categories. The number of years (N) is indicated below. All
analyses for the May–September months for the period 1901–2007. This figure is available in colour online at wileyonlinelibrary.com/journal/joc
zonal and meridional winds) at the 850 hPa level from
the Twentieth Century reanalysis (Compo et al., 2011),
and SST from the Hadley Centre’s HadISST product at 1∘
resolution (Rayner et al., 2003). The composites show that
negative phases in the teak record correspond to anoma-
lous dry conditions in central Myanmar (Figure 2(a)) due
to reduced moisture flux (Figure 2(e)). Enhanced westerly
moisture flux is associated with wetter conditions along
Myanmar’s west coast from the anomalously warm BOB
and strengthened easterly flow from the EAWNP mon-
soon, with increased precipitation in northern Vietnam
(Figure 2(a), (e), and (i)). Conditions are reversed during
positive teak phases (Figure 2(b), (f), and (j)). A similar
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negative and positive PDO phases is shown in Figure 2(c)
and (d). These composites generally reveal similar spatial
patterns between the PDO (with opposing relationships
for cold and warm phases), large-scale climate anomalies
and the regional manifestation in precipitation and the
Myanmar teak record. The SST composite anomalies
during negative/positive teak periods show large-scale
Indo-Pacific SST anomaly patterns strongly reminis-
cent of those during the negative/positive PDO phases,
respectively (Figure 2(i)–(l)).
Anomalies in monsoon circulation as inferred from
the Myanmar teak can be deduced from comparison
with indices representative of subsystems of the Asian
monsoon (Figure 2(m)), such as the Dynamic Indian
Monsoon Index (DIMI; Wang and Fan, 1999), South
Asian Monsoon Index (SAMI; Goswami et al., 1999), and
East Asia-Western North Pacific Index (EAWNPI; Wang
et al., 2008) (Fig. 6, in Ummenhofer et al., 2013a). During
sustained periods of positive teak growth, both the DIMI
and EAWNP indices are anomalously strong, while the
SAMI is unusually strong during prolonged negative teak
phases (Figure 2(m)), consistent with enhanced onshore
moisture flux and wet conditions along the Myanmar coast
(Figure 2(a) and (e)).
3. Spectral modes of variability in Myanmar teak
To identify the dominant modes of variability in the teak
record on interannual to decadal and longer time scales,
we evaluated its main spectral properties over the past
four centuries using multitaper analysis (MTM, Mann
and Lees, 1996) and Singular Spectrum Analysis (SSA,
Vautard and Ghil, 1989) (Figure 3).
MTM: The most pronounced spectral peak over
1630–2009 for the Myanmar chronology using MTM
is observed at 38–68 years (significant, 99% level),
with secondary peaks at ∼27 years (95% level), and
2–4 years (99% level) (Figure 3). Previous studies, based
on instrumental Myanmar rainfall data for shorter inter-
vals (decades-past century), similarly noted 2–6 year
periodicities indicative of ENSO and the quasi-biennial
oscillation (R. Robinson, personal communication, 2013),
typical of the Asian monsoon system (Kumar et al., 1999;
Allan, 2000).
SSA: Waveforms were extracted from the Maingtha
chronology using SSA (Figure 3, Vautard and Ghil,
1989). These reconstructed waveforms, consistent with
the MTM results, reveal considerable decadal to multi-
decadal variability over the past several centuries of this
chronology (1630–2009). The top four modes, extracted
using a 100-lag covariance matrix, were identified at
47.62 years (EV1-2, 22.6% variance), 25 years (EV3-4,
8.7%), 18.87 years (EV 5-6, 4.5%), and 14.93 years
(EV7-8, 3.6%). The 18.87 and 14.93 years modes have
the greatest amplitude modulation over time, both with
attenuation after around the middle to later 1800s. SSA
of the annual PDO index of Mantua et al. (1997; using
a 56-lag autocovariance matrix, high-pass filtered below
60 years, EV1, 3-4; 1900–2011) indicates a dominant
mode at 51 years, accounting for ∼46% of the overall
variance. For this same period (1900–2009), the dominant
mode in the teak record is similar, at ∼48 years. Their
stability over time and space, and possible interactions of
these modes and their causes, are complex and require
further investigation.
4. Discussion and conclusions
Paleoclimatic studies on the impact of the PDO in Asia
are few compared to those for western North America,
where the climatic effect is stronger (D’Arrigo et al.,
2001; Wilson et al., 2007). For Asia, Shen et al. (2006)
observed that the spatiotemporal variability of summer
rainfall over eastern China is correlated with the PDO,
using a drought/flood index to reconstruct the annual
PDO index since 1470AD, finding quasi-centennial (75-
to 115-years) and pentadecadal (50- to 70-years) oscilla-
tions. D’Arrigo and Wilson (2006) generated a prelimi-
nary tree-ring reconstruction of the Asian expression of the
PDO. The PDO has also been linked to instrumental and
paleoclimatic records for north Asia, including Japan and
the Russian Far East (Mantua et al., 1997; Jacoby et al.,
2004). Deng et al. (2013) investigated variations in the
PDO as inferred from a coral record since 1853 from the
northern South China Sea, and Grove et al. (2013) from
the Indian Ocean (Madagascar). In South Asia, as noted,
PDO-related linkages with climate and ENSO have been
found for India (Krishnan and Sugi, 2003) and Myanmar
(Sen Roy and Sen Roy, 2011).
Results highlight the presence of coherent interbasin
decadal variability in the Indo-Pacific region (Krishnan
and Sugi, 2003), with the North Pacific signal likely trans-
mitted to Southeast Asia via an atmospheric bridge, with
impacts similar to ENSO (Mantua and Hare, 2002). It is
also important to note that ENSO-related decadal variabil-
ity may also be linked to the PDO and tropical climate
(Allan, 2000). On decadal timescales, oceanic transmis-
sion of anomalous Pacific variability through the Indone-
sian Throughflow (Shi et al., 2007) could also contribute
to Indian Ocean warming during negative PDO phases
(Figure 2(k)). Through interannual covariability in ther-
mocline depth in the Western Pacific and eastern Indian
Ocean (Ummenhofer et al., 2013b), remote decadal Pacific
signals reflected in Western Pacific thermocline depth and
attributed to PDO forcing (Williams and Grottoli, 2010)
could modulate Indian Ocean temperatures and conse-
quently the region’s monsoon circulation.
We confirm that there are significant decadal to multi-
decadal modes of variability linked to monsoon rainfall
in both instrumental/reanalysis data and the longer teak
tree-ring data from Myanmar, which appear to reflect the
remote influence of the PDO and related regime shifts,
and their impact on monsoon rainfall. The boreal winter
PDO may precondition tree growth at the onset of the wet
season over south Asia, via its impact on the Asian mon-
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Figure 3. Spectral Analyses. (a) MTM spectral analysis of Maingtha teak ring width record for 1630–2009. Note significant peaks at interannual
(within classical ENSObandwidth) andmultidecadal time scales (38–68, and 27 years, broadly consistent with the PDO). (b–e) Dominant waveforms
extracted from Maingtha teak chronology over its length from 1630–2009, isolated using singular spectrum analysis or SSA. Dominant oscillatory
modes are identified with periods of ∼48 years, ∼25 years, 18.9 and 14.9 years. Percentages of the original variance contributed by these waveforms
are indicated on the lower left hand corner of each figure, along with the correlation with the teak series. Lowermost plot (f) shows comparison of the
first RC pair for the∼48 years mode with the instrumental annual PDO. This figure is available in colour online at wileyonlinelibrary.com/journal/joc
similar to those identified for the PDO and other long
instrumental series of North Pacific variability. A∼48-year
mode is also evident in teak from northwestern Thailand,
shown to reflect decadal Pacific variability (Buckley et al.,
2007, 2010b). The ∼27 years mode in the teak record is
similar to that observed in a tree-ring reconstruction of
Upper Indus, Pakistan streamflow over the past millen-
nium (Cook et al., 2013). An ∼18 years mode, observed
in the Maingtha teak, has been associated with lunar-tidal
forcing in some North Pacific tree-ring records (Wilson
et al., 2007). A ∼14–15 years mode corresponds to band-
widths associated with lower-frequency ENSO variability
(Allan, 2000), and the PDO (Krishnan and Sugi, 2003).
Amplitudes of the latter two modes vary considerably
over time, and all these modes may interact and are likely
modulated by various climatic forcings and synoptic
phenomena.
We had discussed evidence for sustained megadroughts
in the Maingtha teak from Myanmar (D’Arrigo et al.,
2011). Low growth (1756–1768) overlaps the so-called
‘Strange Parallels’ drought, one of the most important
drought periods in the MADA (Buckley et al., 2007,
2010b; Sano et al., 2009; Cook et al., 2010). Myanmar
teak growth was below average during the late Victorian
Great Drought, associated with a major ENSOwarm event
(1876–1878), perhaps the most spatially pervasive and
severe drought in the MADA (Cook et al., 2010). Some of
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might be linked to regime-type shifts in the PDO prior to
the instrumental era.
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